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O B J E C T I V E S The aim of this study was to evaluate the role of left ventricular (LV) mechanical
dyssynchrony in heart failure with preserved ejection fraction (HFPEF) complicating acute coronary
syndrome (ACS).
B A C KG ROUND In systolic heart failure, LV mechanical dyssynchrony worsens cardiac function and
cardiac resynchronization therapy improves clinical outcome. The role of LV mechanical dyssynchrony in
HFPEF complicating ACS is unknown.
METHOD S One hundred two patients presenting with ACS (ejection fraction 50%) and 104
healthy controls were studied using tissue Doppler imaging: group 1 (n  55) had HFPEF on
presentation and group 2 (n  47) had no clinical HFPEF. The SD of time to peak systolic myocardial
velocity and the SD of early diastolic (Te-SD) myocardial velocity of 12 LV segments were obtained for
evaluation of dyssynchrony. Longitudinal mean myocardial ejection systolic velocity (mean Sm) and
mean early diastolic velocity (mean Em) were measured.
R E S U L T S Te-SD was greater in group 1 (33  13 ms) than group 2 (21  9 ms) (p  0.001), and
diastolic mechanical dyssynchrony was evident in 35% of patients in group 1 but in only 9% in group 2
(p  0.001). Conversely, the SD of time to peak systolic myocardial velocity was similar in the 2 ACS
groups (34  16 ms vs. 32  18 ms; p  NS), showing a similar prevalence of systolic mechanical
dyssynchrony (47% vs. 43%; p  NS). Worsening of the diastolic dysfunction grade was associated with
a parallel increase in Te-SD (grades 0, 1, 2, and 3: 16  3 ms, 21  5 ms, 28  9 ms, and 41  17 ms,
respectively; p  0.001). Te-SD correlated negatively with mean Em (r  0.56, p  0.001) and positively
with peak mitral inﬂow velocity of the early rapid-ﬁlling wave/Em (r  0.69, p  0.001); mean myocardial
ejection systolic velocity correlated signiﬁcantly with mean Em (r  0.56, p  0.001), SD of time to peak
systolic myocardial velocity (r  0.42, p  0.001) and Te-SD (r  0.23, p  0.001). Multivariate analysis
identiﬁed peak mitral inﬂow velocity of the early rapid-ﬁlling wave/Em as the only variable independently
associated with HFPEF (odds ratio: 1.48, p 0.001). When peak mitral inﬂow velocity of the early rapid-ﬁlling
wave/Em was excluded from the model, Te-SD (odds ratio: 1.13, p  0.001) and mean Em (odds ratio: 0.37,
p  0.001) became independently associated with HFPEF.
CONC L U S I O N S LV diastolic mechanical dyssynchrony may impair diastolic function and contrib-
ute to the pathophysiology of HFPEF, complicating ACS. (J Am Coll Cardiol Img 2011;4:348–57) © 2011
by the American College of Cardiology Foundation
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here is growing recognition that heart fail-
ure (HF) with preserved ejection fraction
(HFPEF) is common and is associated with
significant morbidity and mortality (1). Coro-
ary artery disease, in addition to hypertension, dia-
etes, and aging, is a frequent risk factor for HFPEF
2). In the setting of acute coronary syndrome (ACS),
FPEF often complicates the acute clinical course.
lthough left ventricular (LV) performance can be
mpaired as a result of ischemia-induced systolic dys-
unction, infarct-related increase in myocardial stiff-
ess, and/or ischemic mitral regurgitation, the patho-
enic mechanisms of acute ischemic HFPEF are not
ompletely understood.
Mechanical dyssynchrony in LV contraction has
een established as an important pathogenic mech-
nism in systolic HF. In the setting of acute
schemic HFPEF, acute myocardial ischemia leads
o delayed onset and slower rate of contraction and
elaxation in regional myocardial segments and thus
ay generate LV mechanical dyssynchrony (3,4),
hich may in turn compromises LV systolic and
iastolic performance and leads to clinical HF. In
he present study, we sought to elucidate the impact
f LV mechanical dyssynchrony on ventricular
unction and its relationship with the occurrence of
cute HFPEF in patients presenting with ACS.
M E T H O D S
Patients. One hundred two consecutive patients
age 64  10 years, 76 men) who were admitted to
tertiary care hospital for ACS and had a normal
jection fraction (EF) (50%) were prospectively
tudied. All subjects presented to the emergency
epartment with acute chest pain30 min and had
schemic changes on the electrocardiogram (ST-
egment depression or elevation 0.1 mV and/or
-wave inversion on at least 2 contiguous leads)
nd/or elevated serum cardiac biomarker (troponin
) within 6 h of presentation. Patients with a
epressed EF (50%), atrial fibrillation, pacemaker
mplantation, more than a mild degree of valvular
ysfunction, a prosthetic valve, pericardial constric-
ion, and myocardial rupture were excluded from
he study. The diagnosis of HF was made clinically
y the attending physicians during acute hospital-
zation and independently verified by a cardiologist
ased on documented symptoms of HF (acute onset
r worsening of dyspnea), signs of fluid retention
elevated jugular venous pressure and dependent
dema), in addition to radiological evidence of
ulmonary vascular congestion. There were 55 pa-ients who had HFPEF during hospitalization
group 1) and 47 patients in whom HFPEF did not
evelop during the hospital stay (group 2). Patients
nderwent cardiac catheterization and invasive re-
ascularization if clinically indicated. One hundred
our age- and sex-matched healthy subjects were
tudied as controls. They had no history of cardio-
ascular or systemic diseases, had normal findings
n a physical examination and electrocardiogram,
nd had an echocardiogram showing no evidence of
tructural heart disease. The study was
pproved by the ethics committee of the
nstitution, and written informed consent
as obtained from all subjects.
Echocardiography. Echocardiography
Vivid 7, Vingmed-General Electric,
orten, Norway) was performed within
2 h after hospital admission and before any
oronary revascularization procedures were
erformed. Two-dimensional and Doppler
chocardiography was performed in stan-
ard parasternal, apical, and subcostal views.
issue Doppler imaging (TDI) was per-
ormed in apical 4-chamber, 2-chamber,
nd long-axis views for evaluation of LV
ongitudinal function. Color-coded TDI
ptimized for pulse repetition frequency,
olor saturation, and sector size and depth
ere obtained to maximize the frame rate to
00 Hz or higher. At least 3 consecutive
eats in sinus rhythm were stored, and the
mages were analyzed offline using custom-
zed software (EchoPac-PC, version 7.0.0,
ingmed-General Electric). All measure-
ents were averaged over at least 3 consec-
tive cardiac cycles. The echocardiographers
ho obtained the images and the investiga-
ors who performed the offline analysis were
linded to the clinical information of the
ubjects.
Evaluation of LV volumes and systolic and
diastolic function. LV end-diastolic volume,
end-systolic volume, and EF were assessed
using the modified Simpson method in the apical 4-
and 2-chamber views. Regional wall-motion abnor-
mality was evaluated, and a wall motion score index
(WMSI) was determined according to the recom-
mendations by the American Society of Echocardiog-
raphy (5). Longitudinal LV systolic function was
assessed by averaging the peak myocardial systolic
velocities at the 6 basal segments (Sm) obtained by
offline TDI analysis with the sample volumes placed
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350To assess diastolic function, peak mitral inflow
velocity of the early rapid-filling wave (E), peak
velocity of the late filling wave due to atrial con-
traction (A), and deceleration time of early mitral
inflow velocity (DT) of the early filling were re-
corded by using Doppler echocardiography. The
longitudinal LV diastolic function was assessed by
averaging the myocardial early diastolic velocities at
the 6 basal segments (mean Em) at offline TDI
analysis. Diastolic dysfunction was graded with
reference to a classification scheme previously de-
scribed (7). Normal diastolic function was defined
as E/A  0.9 to 1.5, DT  160 to 240 ms, and
/Em 10; grade 1 (abnormal relaxation) if
/A 0.9 and DT 240 ms; grade 2 (pseudo-
ormal) if E/A  0.9 to 1.5, DT  160 to 240
s, plus either E/Em 10 or E/A reversal on
alsalva maneuver; and grade 3 (restrictive fill-
ng) if E/A 2, DT 160 ms and E/Em 15.
he diastolic function in 10 patients did not fall
nto any category and was classified as undetermined.
of Demographic and Clinical Characteristics for Patients With
nd Without (Group 2) Heart Failure
ACS Group 1
(n  55)
ACS Group 2
(n  47) Chi-Square p Value
66 11 61 9 NA 0.03
41 (75) 35 (75) 0.0 NS
7.42 0.02
16 (29) 4 (8) NA NA
8 (15) 12 (26) NA NA
31 (56) 31 (66) NA NA
31 (56) 24 (51) 0.29 NS
16 (29) 20 (43) 2.00 NS
24 (44) 19 (40) 0.11 NS
140 22 144 16 NA NS
81 9 78 8 NA NS
89 11 89 10 NA NS
90 20 89 11 NA NS
2 (4) 2 (4) 0.03 NS
23 (42) 16 (34) 0.65 NS
17 (31) 20 (43) 1.49 NS
30 (55) 26 (55) 0.01 NS
cker 13 (24) 7 (15) 1.23 NS
30 (55) 26 (55) 0.01 NS
36 (65) 32 (68) 0.08 NS
10 (18) 6 (13) 0.56 NS
n (%).
erting enzyme inhibitor; ACS  acute coronary syndrome; ARB  angiotensin
astolic blood pressure; NA not applicable; NSTE non–ST-segment elevation;Ssure; STEMI  ST-segment elevation myocardial infarction.Evaluation of LV mechanical dyssynchrony. To assess
LV mechanical dyssynchrony in both systole and
diastole, myocardial velocity curves obtained
from color-coded TDI were reconstituted offline
using the 12-segment (6 basal, 6 mid) model that
consisted of the anterior, inferior, anteroseptal,
inferoseptal, anterolateral, and inferolateral seg-
ments at both basal and mid-levels of LV (8).
The basal segments were sampled just above the
mitral annulus, and the mid-segments were sam-
pled at the mid-level of LV. The time to peak
myocardial systolic velocity during the LV ejec-
tion period (Ts) and the time to peak myocardial
early diastolic velocity (Te) during the early LV
filling period were measured for each segment
with reference to the onset of QRS complex.
Continuous-wave Doppler imaging of the aortic
and mitral flow was used to determine the timing
of aortic and mitral valve opening/closure, re-
spectively. Markers of valve opening and closing
events would appear on the electrocardiographic
recordings during offline TDI analysis to assist in
accurate measurement of Ts and Te. The SD of
Ts (Ts-SD) and of Te (Te-SD) of the 12 LV
segments were calculated to measure systolic and
diastolic mechanical dyssynchrony, respectively.
The interobserver and intraobserver variability
for Ts-SD and Te-SD was evaluated in 60
patients and was 4.7% and 3.2%, respectively.
Using the upper 2 SDs of normal controls as a
cutoff, systolic mechanical dyssynchrony was de-
fined as Ts-SD 33 ms and diastolic mechanical
dyssynchrony as Te-SD 34 ms, as previously
reported (6,8). Post-systolic shortening, defined
as myocardial contraction occurring after aortic
valve closure (positive velocity greater than the
peak ejection velocity), was distinguished from
myocardial early diastolic velocity by their differ-
ent timing and opposite directions. Post-systolic
shortening, albeit considered to be a marker of
ischemia, may not be a marker of mechanical
dyssynchrony in ischemic cardiomyopathy (9).
Therefore, in the present study, post-systolic
shortening was not included in the assessment of
LV mechanical dyssynchrony.
Statistical analysis. Data were analyzed using statis-
ical software (SPSS for Windows, version 13.0,
PSS Inc., Chicago, Illinois). Results were pre-
ented as mean  SD or number and percentage of
atients. Comparisons among patient groups and
mong various grades of diastolic dysfunction were
erformed using 1-way analysis of variance withTable 1. Comparison
ACS With (Group 1) a
Age, yrs
Male sex
Type of ACS
Anterior STEMI
Inferior STEMI
NSTE ACS
Hypertension
Diabetes
Smoker
SBP, mm Hg
DBP, mm Hg
Heart rate, beats/min
QRS duration, ms
QRS 120 ms
Medications
ACEI or ARB
Beta-Blocker
Nitrates
Calcium channel blo
Statin
Aspirin
Diuretics
Values are mean  SD or
ACEI  angiotensin-conv
receptor blocker; DBP dicheffé test or Pearson chi-square test as appropri-
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351ate. Pearson coefficient was used for correlation
analysis. Univariate analysis was performed for all
clinical and echocardiographic variables including
age, sex, type of ACS, hypertension, diabetes,
systolic and diastolic blood pressures, heart rate,
QRS duration, LV end-diastolic volume, LV end-
systolic volume, LV ejection fraction, mean Em,
mean Sm, E/Em, E/A, DT, WMSI, Ts-SD, and
Te-SD. Variables with p  0.1 on univariate
nalysis were tested in the multivariate logistic
egression with the forward stepwise method to
dentify independent associations with HFPEF. A
alue of p  0.05 was considered significant.
R E S U L T S
Patients. The clinical and demographic characteris-
ics of group 1 and group 2 ACS patients are shown
n Table 1. Patients in group 1 were significantly
lder (p  0.03) and had a higher prevalence of
nterior myocardial infarction (p 0.02) than those
n group 2. The vast majority (96%) of patients in
oth groups had a QRS duration 120 ms. Other
Table 2. Comparison of Echocardiographic Parameters for Patie
and Normal Controls
ACS Patients
ControlsGroup 1 Group 2
LV volumes, ml
LVEDV 89 21 88 9 74 18
LVESV 39 9 37 7 28 8
LV systolic function
LVEF, % 69 11 67 11 78 6
WMSI 1.1 0.2 1.1 0.1 1.0 0.0
Mean Sm, cm/s 5.1 1.1 5.3 1.6 6.5 1.1
LV diastolic function
E/A 1.2 0.4 0.9 0.3 1.0 0.3
DT, ms 185 54 221 48 168 32
Em, cm/s 4.6 1.4 6.5 1.5 7.6 1.6
E/Em 18.3 7.3 10.5 3.7 10.2 2.7
Grade
0 0 11 (23) 64 (62)
1 5 (9) 24 (51) 40 (38)
2 29 (53) 8 (17) 0
3 15 (27) 0 0
Undetermined 6 (10) 4 (9) 0
LV mechanical dyssynchrony, ms
Ts-SD 34 16 32 18 17 8
Te-SD 33 13 21 9 20 7
Values are mean  SD or n (%). *p value is Scheffé-corrected.
A  peak velocity of the late ﬁlling wave due to atrial contraction; ACS  acu
peak mitral inﬂow velocity of the early rapid-ﬁlling wave; Em  mean early dia
EDV  end-diastolic volume; ESV  end-systolic volume; LVEF  ejection fracti
segments; Te-SD  SD of time to peak early diastolic velocity of 12 myocardial
WMSI  wall motion score index.linical characteristics and medications before ad-
ission were similar in the 2 groups.
LV volumes and systolic and diastolic function. Both
groups of ACS patients had normal EF and similar
WMSI (Table 2). Yet there were subtle abnormal-
ities in systolic parameters in both ACS groups
compared with controls; namely, ACS patients had
a greater end-systolic volume (p  0.05), lower EF
(p  0.001), higher WMSI (p  0.001), and lower
mean Sm (p 0.001) than normal controls (Table 2).
Of note, the extent of systolic abnormality was
similar in group 1 and group 2 leading to the
absence of intergroup differences. On the other
hand, diastolic dysfunction was more severe in
group 1, which had a higher prevalence of pseudo-
normal and restrictive filling patterns (p  0.001)
and, in particular, a lower mean Em and a higher
E/Em ratio by TDI (all p values 0.001 vs. group
2 or controls).
Systolic and diastolic mechanical dyssynchrony.
Ts-SD was increased in both ACS groups com-
pared with controls (p  0.001), but it did not
With ACS With (Group 1) and Without (Group 2) Heart Failure
p Value
oup 1 vs. Controls Group 2 vs. Controls Group 1 vs. Group 2
NS NS NS
0.009 0.02 NS
0.001 0.001 NS
0.001 0.001 NS
0.001 0.001 NS
NS NS 0.02
NS 0.001 0.003
0.001 0.001 0.001
0.001 NS 0.001
0.001 0.001 0.001
0.001 0.001 NS
0.001 NS 0.001
oronary syndrome; DT  deceleration time of early mitral inﬂow velocity; E 
velocity of 6 basal left ventricular myocardial segments; LV  left ventricular;
ean Sm  mean of peak systolic velocity of 6 basal left ventricular myocardial
ents; Ts-SD  SD of time to peak systolic velocity of 12 myocardial segments;nts
Gr
te c
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352differentiate group 1 from group 2 (Table 2). The
prevalence of systolic mechanical dyssynchrony (i.e.,
Ts-SD 33 ms) was similar in group 1 and group
2 (47% vs. 43%; p  NS) (Fig. 1). In contrast,
Te-SD was significantly increased in group 1 (p 
of Ts-SD and Te-SD in ACS Group 1, Group 2, and Controls
to peak systolic velocity of 12 myocardial segments (Ts-SD) (A) 33 ms
o peak early diastolic velocity of 12 myocardial segments (Te-SD) (B)
cutoffs for systolic and diastolic mechanical dyssynchrony (derived from
al controls), the prevalence of systolic mechanical dyssynchrony was
e coronary syndrome (ACS) group 1 and group 2, whereas the preva-
ical dyssynchrony was signiﬁcantly higher in group 1 (35% vs. 9%).
Table 3. Echocardiographic Parameters in Different Diastolic Fu
Grades of Dias
Normal (n  11) Grade 1 (n  29)
LVEF, % 64 8 62 9
WMSI 1.1 0.2 1.1 0.1
Mean Em, cm/s 8.1 0.9 6.3 0.4*
Mean Sm, cm/s 6.6 1.6 5.1 1.1*
E/A 1.27 0.18 0.69 0.07*
DT, ms 181 27 254 44*
E/Em 8.1 1.8 10.2 2.9*
Te-SD, ms 16 3 21 5*
Ts-SD, ms 29 14 33 18
*Scheffé-corrected p  0.05 compared with normal diastolic function. †Scheffé-
p  0.05 compared with grade 2 diastolic dysfunction.
Sm  peak systolic velocity of 6 basal left ventricular myocardial segments; other0.001 vs. the other 2 groups) (Table 2). Diastolic
mechanical dyssynchrony (i.e., Te-SD34 ms) was
evident in 19 of 55 patients (35%) in group 1 but in
only 4 of 47 patients (9%) in group 2 (p  0.001)
(Fig. 1).
Combining the 2 ACS groups, comparisons of
echocardiographic variables among various diastolic
function grades are shown in Table 3. As expected,
mean Em decreased, whereas E/Em increased
progressively with escalating severity of diastolic
dysfunction (p  0.001 for all comparisons).
Although conventional systolic parameters in-
cluding EF and WMSI showed no significant
differences among the 4 grades, mean Sm was
relatively preserved in patients with grade 0
(normal) diastolic function (p  0.001 vs. other
grades). Nevertheless, there was no intergroup
difference (p  NS) in mean Sm from grade 1 to
grade 3 diastolic dysfunction.
Interestingly, Te-SD increased progressively
from grade 1 to grade 3 diastolic dysfunction (p 
0.001) (Fig. 2). This was in contrast to Ts-SD,
which showed no significant differences across dia-
stolic function grades. There was a significant
correlation between Te-SD and E/Em (r  0.69,
p  0.001) (Fig. 3) and, inversely, with mean Em
(r  0.56, p  0.001), but not between Ts-SD
and E/Em (r  0.08, p  NS) or mean Em (r 
0.08, p  NS). On the other hand, mean Sm
correlated significantly with mean Em (r  0.56,
p  0.001), Ts-SD (r  0.42, p  0.001), and
Te-SD (r0.23, p 0.001). Ts-SD and Te-SD
correlated significantly with each other, albeit mod-
estly (r  0.16, p  0.019). Examples of dyssyn-
chrony TDI curves and mitral Doppler inflow
patterns in controls and group 1 and group 2 ACS
patients are shown in Figure 4.
on Grades
Dysfunction
ANOVA p ValueGrade 2 (n  37) Grade 3 (n  15)
61 7 60 9 NS
1.1 0.1 1.2 0.2 NS
4.8 0.9*† 3.6 1.2*†‡ 0.001
5.0 1.2* 4.6 1.1* 0.001
0.94 0.19*† 2.27 0.13*†‡ 0.001
200 36† 134 10†‡ 0.001
14.8 5.5*† 24.7 4.6*†‡ 0.001
28 9*† 41 17*†‡ 0.001
37 17 29 17 NS
cted p  0.05 compared with grade 1 diastolic dysfunction. ‡Scheffé-correctedFigure 1. Scatterplots
Using the SD of the time
and the SD of the time t
34 ms, respectively, as
the upper 2 SDs of norm
similar between the acutncti
tolic
correabbreviations as in Table 2.
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353Coronary angiography. Fifty-seven patients (30 in
roup 1 and 27 in group 2; p  NS) underwent
ardiac catheterization and revascularization as clini-
ally determined, and all of them had 70% luminal
tenosis in at least 1 major epicardial coronary artery.
o examine the relationship between coronary anat-
my and mechanical dyssynchrony, a subset of pa-
ients with single-vessel disease were studied (n 35).
he distribution of the most delayed segments on
chocardiography with regard to the coronary artery
natomy on angiography is shown in Figure 5. Inter-
stingly, the segments with the most delayed contrac-
ion or relaxation (i.e., segments with the latest Ts or
e) in a patient did not always correspond anatom-
cally to the coronary vascular territory on angiog-
Normal Grad
0
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Te
-S
D 
(m
s)
Diast
Figure 2. Bar Chart Showing the Relationship Between Diastolic
Diastolic Dysfunction in ACS
Te-SD increased progressively in parallel to the diastolic dysfunction
sons). Error bars represent SD. Abbreviations as in Figure 1.
0
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Figure 3. Scatterplot of Te-SD and E/Em in All ACS Patients (Co
The scatterplot demonstrates the signiﬁcant correlation (r  0.69, p
mechanical dyssynchrony and left ventricular ﬁlling pressure. The e
regression line (solid line). E/Em  peak mitral inﬂow velocity of th
ventricular myocardial segments; other abbreviations as in Figure 1.aphy. The most delayed contraction or relaxation
as observed in the remote segments with normal
oronary arteries in 25.7% and 28.5% of cases,
espectively (Fig. 5).
Associating factors of HFPEF in ACS on multivariate
analysis. Several clinical and echocardiographic
variables were associated with HFPEF on univari-
ate analysis including age, type of ACS (anterior
ST-segment elevation myocardial infarction), E/A,
DT, mean Em, E/Em, and Te-SD (p  0.1)
(Table 4). E/Em was the only variable indepen-
dently associated with HFPEF on multivariate
analysis (odds ratio: 1.48; 95% confidence interval:
1.17 to 1.88; p  0.001). If E/Em was excluded
from the model, Te-SD (odds ratio: 1.13; 95%
Grade 2 Grade 3
 Function
chanical Dyssynchrony and the Grading of Severity of
ade (Scheffé-corrected p value 0.05 for all intergrade compari-
r = 0.69
p < 0.001
60 80 100
D (ms)
ning Groups 1 and 2)
0.001) between the echocardiographic parameters for diastolic
lines (dotted lines) represent 95% conﬁdence intervals of the
rly rapid-ﬁlling wave/mean early diastolic velocity of 6 basal lefte 1
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354confidence interval: 1.10 to 1.20; p  0.001) and
ean Em (odds ratio: 0.37; 95% confidence inter-
al: 0.25 to 0.55; p  0.001) were independently
ssociated with HFPEF.
D I S C U S S I O N
The present study demonstrated that patients with
ACS complicated by acute HFPEF had significantly
increased temporal dispersion in the regional timing of
myocardial relaxation detectable by TDI. The results
of this study show that diastolic mechanical dyssyn-
chrony is closely linked to diastolic dysfunction grade
and noninvasive estimates of filling pressure (E/Em),
suggesting that LV diastolic dyssynchrony may be a
contributing factor for acute ischemic HFPEF. Inter-
Figure 4. Examples of Tissue Doppler Myocardial Velocity Curve
In a control subject (A), homogeneous relaxation of myocardial seg
patient in the ACS group 2 (B), timings of peak early diastolic veloc
Te-SD was slightly prolonged to 24 ms, which was associated wi
ventricular ﬁlling pressure was not elevated in this patient who
from ACS group 1 in whom heart failure with preserved ejection
indicative of diastolic mechanical dyssynchrony. This was associa
consistent with extremely elevated ﬁlling pressure. Of note, systo
(C) or without (B) diastolic mechanical dyssynchrony. Abbreviationsestingly, such an association was not apparent for
systolic mechanical dyssynchrony.
Role of LV mechanical dyssynchrony in the pathogenesis
of HFPEF complicating ACS. HF is a frequent com-
plication of ACS and is associated with poor progno-
sis (10,11). Many patients with ACS complicated by
acute HF on presentation have relatively preserved LV
systolic dysfunction. In the Global Registry of Acute
Coronary Events, for instance, only 48.7% of the HF
patients had depressed EF (11). However, the patho-
genic mechanisms of HFPEF in these patients are not
completely understood.
The presumed pathophysiological abnormality
leading to HFPEF is diastolic dysfunction, a com-
mon finding in patients with coronary artery disease
(12). Normal diastolic function is characterized by
nd Mitral Inﬂow Patterns
ts (arrow) is associated with normal rapid ventricular ﬁlling. In a
(Em) in various myocardial segments are less homogeneous.
rade 1 diastolic dysfunction. E/Em was 9, suggesting that left
not have acute heart failure symptoms. In contrast, in a patient
ction developed, Te-SD was signiﬁcantly prolonged to 56 ms,
with restrictive mitral ﬁlling and markedly increased E/Em,
mechanical dyssynchrony (arrowheads) could be present withs a
men
ity
th g
did
fra
ted
licas in Figures 1 and 3.
period.
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355rapid decrease in LV pressure during the isovolu-
mic and the early ventricular filling phases, as
well as high compliance of LV walls during the
late diastolic filling phase (13). The active process
of myocardial relaxation that generates the rapid
LV pressure decrease is normally homogeneous in
all regional segments. Increase in the temporal
heterogeneity in this process with some fibers
lengthening later than the others may jeopardize
normal ventricular filling (14). Further prolonga-
tion of early myocardial relaxation could delay
diastolic LV minimum pressure well into late
diastole and could therefore contribute to the
elevation of LV filling pressure (15). We previ-
ously demonstrated that LV systolic and diastolic
mechanical dyssynchrony were prevalent in pa-
tients with chronic coronary artery disease (16)
and HFPEF (17,18). Wang et al. (19) observed
that LV diastolic mechanical dyssynchrony had
inverse correlations with the time constant of
relaxation and pulmonary capillary wedge pres-
sure in chronic hypertensive HFPEF. In the
present study, parallel increase in diastolic me-
chanical dyssynchrony with increasing severity of
diastolic dysfunction supported this hypothesis.
E/Em was apparently the single most important
associating factor of HFPEF on multivariate
analysis, which is probably not surprising because
any mechanisms that lead to acute HFPEF
should eventually increase the LV filling pressure
with resultant pulmonary edema. However,
Te-SD and mean Em became independently
associated with HFPEF after excluding E/Em
from the regression model. These results, to-
gether with the close correlation between E/Em
and Te-SD, support the hypothesis that diastolic
mechanical dyssynchrony may contribute to HF-
PEF through elevation of the LV filling pressure.
As myocardial ischemia is often a regional
phenomenon, it is possible that regional delay in
relaxation leads to diastolic mechanical dyssyn-
chrony during ACS. Among patients with
chronic coronary artery disease and preserved LV
systolic function, diastolic mechanical dyssyn-
chrony has been shown to predict exercise-
induced ischemia with resultant impairment of
early ventricular filling (20). In the present study,
the location of coronary stenosis and the site of
regional mechanical delay were, in general, con-
cordant with each other. However, a dissociation
of coronary stenosis and mechanical delay didoccur in some patients. Several possible explana-
tions exist. First, myocardial perfusion is modi-
fied by physiological factors such as vasomotor
tone and microvascular resistance, which are not
well appreciated on coronary angiography. Mi-
crovascular ischemia may be present in diabetic
and hypertensive patients, who were prevalent in
our study population. On the other hand, nonis-
chemic factors such as electrical delay may lead to
mechanical dyssynchrony. Although a wide QRS
complex of 120 ms was uncommon, electrical
delay that was not manifested on surface electro-
cardiography could not be entirely excluded in
our study population.
In this study, we observed that the mean Sm
correlated significantly with mean Em, Ts-SD,
and Te-SD. Longitudinal motion of the LV base
Figure 5. Distribution of Locations of the Most Delayed Myocar
Single-Vessel LAD, RCA, or LCX Stenosis
Left anterior descending artery (LAD) territory: basal and mid-anterior,
anterolateral segments; right coronary artery (RCA) territory: basal and
septal segments; left circumﬂex artery (LCX) territory: basal and mid-la
inant left system) segments. Te  time to peak myocardial early diasto
to peak myocardial systolic velocity during the left ventricular ejectiondial Segments in
anteroseptal, and
mid-inferior, infero-
teral, inferior (for dom-
lic velocity; Ts  timetoward LV apex during systole is largely a result
D
T
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H
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356of torsional deformation of the spirally arranged
LV myofibers. The potential energy stored by LV
torsion during the systolic phase is reinstituted
during LV untwisting and aids in diastolic suc-
tion. An abnormal activation sequence of the
ventricles (e.g., due to right ventricular pacing,
regional ischemia, distortion of myofiber archi-
tecture, electrical conduction delay) can result in
dyssynchronous LV contraction, with reduced
torsion and longitudinal shortening (21). Recent
studies pointed out that LV dyssynchrony was
inversely related to LV torsion in advanced HF
patients with prolonged QRS duration (22,23),
underscoring that LV torsion (and associated
longitudinal function) may be a parameter that
reflects the extent of LV dyssynchrony. The
relationships of mean Sm with mean Em, Ts-SD,
and Te-SD in our study lent further support that
systolic and diastolic mechanical events of the LV
are closely coupled, and mechanistic links may
exist between LV longitudinal systolic function
and LV dyssynchrony in patients with ACS.
Intriguingly, although systolic mechanical dys-
synchrony was evident in ACS patients, it did not
appear to be associated with an acute occurrence
of HFPEF. We postulate that systolic mechanical
dyssynchrony may be common in the setting of
ACS but per se might not be enough to cause
acute HFPEF when the global systolic function is
relatively preserved and diastolic dysfunction is
mild.
Study limitations. First, although this study
demonstrated a strong association between LV
mechanical dyssynchrony and HFPEF in the
setting of ACS, a causal relationship cannot be
Table 4. Multivariate Analysis for Associating Factors of HFPEF
Univariate Analysis
p Value
Mu
(E/E
Re
OR (95%
Age 0.027 NA
Anterior STEMI 0.03 NA
E/A 0.011 NA
DT 0.006 NA
Em 0.001 NA
E/Em 0.001 1.48 (1.17–
Te-SD 0.001 NA
CI  conﬁdence interval; HFPEF  heart failure with preserved ejection fractiodirectly assumed because of the cross-sectional cdesign of the study. Second, there is a possibility
of undetected transient systolic dysfunction, or
mitral regurgitation, because echocardiography
was performed within 72 h but not immediately
after the onset of acute symptoms. Third, the
findings of this study may not be extrapolated to
patients with atrial fibrillation who were excluded
owing to technical difficulty in evaluating dyssyn-
chrony in this group of patients. Finally, clinical
outcomes of ACS patients with or without HF-
PEF were not assessed due to the relatively small
sample size and short follow-up period in this
study. However, the clinical significance of HF-
PEF in ACS was established (9,10), and the
present study aimed to provide insight into the
pathophysiological mechanisms underlying this
disorder.
C O N C L U S I O N S
The present study demonstrated that LV diastolic
mechanical dyssynchrony is associated with global
diastolic dysfunction and may be a predisposing
factor of HFPEF in acute ischemic patients. This
finding may provide a new therapeutic target for
ischemic HFPEF. Whether LV diastolic mechan-
ical dyssynchrony can be reversed or modified by
medication, revascularization, or even cardiac resyn-
chronization therapy warrants further investigations.
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